Arabidopsis spiral1 (spr1) mutants show a right-handed helical growth phenotype in roots and etiolated hypocotyls due to impaired directional growth of rapidly expanding cells. SPR1 encodes a small protein with as yet unknown biochemical functions, though its localization to cortical microtubules (MTs) suggests that SPR1 maintains directional cell expansion by regulating cortical MT functions. The Arabidopsis genome contains five SPR1-LIKE (SP1L) genes that share high sequence identity in N-and C-terminal regions. Overexpression of SP1Ls rescued the helical growth phenotype of spr1, indicating that SPR1 and SP1L proteins share the same biochemical functions. Expression analyses revealed that SPR1 and SP1L genes are transcribed in partially overlapping tissues. A combination of spr1 and sp1l mutations resulted in randomly oriented cortical MT arrays and isotropic expansion of epidermal cells. These observations suggest that SPR1 and SP1Ls act redundantly in maintaining the cortical MT organization essential for anisotropic cell growth, and that the helical growth phenotype of spr1 results from a partially compromised state of cortical MTs. Additionally, inflorescence stems of spr1 sp1l multiple mutants showed a right-handed tendril-like twining growth, indicating that a directional winding response may be conferred to the non-directional nutational movement by modulating the expression of SPR1 homologs.
Introduction
The post-embryonic growth of higher plants relies on directional cell expansion. For example, when Arabidopsis thaliana plants are germinated in the dark, their hypocotyls elongate more than a hundred times in one direction. Because the number of hypocotyl epidermal cells does not increase significantly during this process, highly directional cell expansion of each cell accounts for most, if not all, of this organ's elongation. For plants germinating in soil, this directional cell expansion is essential to initiate autotrophic growth by exposing the cotyledons to light (Gendreau et al. 1997) . In contrast, when Arabidopsis seeds are germinated under light, hypocotyl elongation is limited. It is conceivable that such a drastic and conditional change in cell shape requires highly elaborated machinery in both the signal transduction and cell elongation processes.
Several observations support the idea that the oriented deposition of cortical microtubule (MT) arrays is indispensable to control the directional elongation of plant cells. First, modification of tubulins, the protein units which constitute the MT, either by amino acid substitutions or addition of extra polypeptides, results in helical cell elongation (Thitamadee et al. 2002, Abe and Hashimoto 2005) . Secondly, many Arabidopsis cell expansion mutants are defective in the genes encoding MT-associated or MT-remodeling proteins. These include HEAT repeat-containing proteins such as MICROTU-BULE ORGANIZATION 1 (MOR1) and TORTIFOLIA1 (TOR1)/SPIRAL2 (SPR2), and the P60 subunit of a microtubule-severing enzyme, katanin (Bichet et al. 2001 , Whittington et al. 2001 , Burk and Ye 2002 , Webb et al. 2002 , Bouquin et al. 2003 , Buschmann et al. 2004 , Shoji et al. 2004 . Thirdly, plants treated with MT-modifying drugs such as oryzalin, propyzamide and taxol show abnormal cell expansion (Morejohn 1991 , Baskin et al. 1994 , Hasenstein et al. 1999 , Sugimoto et al. 2003 . It has been postulated that cortical MT arrays control the orientation of cellulose microfibril deposition in cell walls (Baskin 2001, and references therein) . Recent studies using sophisticated cell biology techniques and conditional Arabidopsis mutants, however, have started to question the notion that cortical MTs control directional cell elongation through directional deposition of cellulose micorifibrils (Wasteneys 2004) .
Arabidopsis spiral1 (spr1) mutants were isolated based on their characteristic rightward slanting root growth on vertically oriented agar plates (Furutani et al. 2000) . Their root epidermal files are oriented in a right-handed helical structure and this defect is thought to drive the rightward slanting growth of the roots. In contrast to their roots, spr1 hypocotyls display helical growth defects only when grown in the dark, a condition that accelerates cell elongation in hypocotyls (Gendreau et al. 1997) . The helical growth was also enhanced at low tempera-ture (Furutani et al. 2000) , a condition that interferes with the dynamic property of MTs. A map-based cloning revealed that SPR1 encodes a plant-specific protein composed of 119 amino acids with unknown biochemical functions. Analysis of transgenic plants expressing green fluorescent protein (GFP)-tagged SPR1 and immunolocalization studies indicated that SPR1 colocalizes with cortical MTs. A molecular dissection experiment suggested that both N-and C-terminal regions are necessary for SPR1 to be recruited to cortical MTs . The SPR1-GFP fusion protein is concentrated at the growing ends of cortical MTs in some cell types, suggesting that SPR1 is a component of a plus-end tracking protein complex (Sedbrook et al. 2004) .
The Arabidopsis genome is known to have a high degree of redundancy as a result of both segmental duplication and tandem gene arrays (Arabidopsis Genome Initiative 2000). We identified five SPIRAL1-LIKE (SP1L) genes, SP1L1-SP1L5. SPR1 and SP1L genes are dispersed over all five chromosomes and none of them are oriented in tandem (Fig. 1A) , suggesting an ancient divergence. SPR1 and SP1L sequences are conserved only in the N-and C-terminal regions, the intermediary region being highly variable . This degree of diversity may be sufficient to confer distinct functions to each protein. Alternatively, because our previous study suggested that the intermediary region of SPR1 acts as a structural linker, SPR1 and SP1Ls may share a common function. If the latter is the case, the spr1 mutant phenotype should be viewed as being the result of a partial loss of the gene family, and true null mutant phenotypes should be analyzed by generating multiple mutants for SPR1 and SP1L genes. In the present study, we carried out an expression analysis of SP1L genes, the complementation of spr1 with SP1L genes and the characterization of spr1 sp1l multiple mutants. Results obtained from these experiments indicate that SPR1 and SP1Ls share the same functions and act redundantly to control directional cell expansion by organizing cortical MT orientation.
Results

Arabidopsis SPR1 gene family
Previously, we identified five genes encoding proteins homologous to SPR1 in the Arabidopsis genome and named them SP1L1-SP1L5 . The gene family composed of SPR1 and the five SP1L genes is hereafter referred to as the Arabidopsis SPR1 family. In the latest TIGR Arabidopsis gene annotation (http://www.tigr.org/tdb/e2k1/ath1/ ath1.shtml), SP1L1 is not recognized as a gene, because no corresponding expressed sequence tag (EST) sequences have been deposited. So far we have not detected SP1L1 transcripts despite several attempts. Transcription of the other four SP1L genes was confirmed by the presence of full-length ESTs.
The structures of SPR1 and SP1L genes are represented schematically in Fig. 1B . These structures were determined by referring to the corresponding ESTs, except for SP1L1 whose gene structure was predicted based on homology to SPR1 and the other SP1L genes. SP1L2, SP1L3 and SP1L4 all have a similar exon/intron organization to SPR1, with a non-coding first exon and two protein-coding exons. In contrast, SP1L5 does not have a non-coding exon. The last intron disrupts each coding sequence at the corresponding position, suggesting a common origin for SPR1 and SP1L genes (Fig. 1D, arrow) . A protein sequence alignment revealed that SPR1 and SP1L sequences are conserved only in the N-and C-terminal regions, the central region being poorly conserved. A similar pattern of conservation exists between SPR1 and non-Brassicaceae homologs . In a phylogenetic tree, the pairs SP1L1/SP1L2 and SP1L3/SP1L4 each clustered into a clade (Fig. 1C) . The SP1L3/SP1L4 pair is characterized by the presence of a homopolymeric threonine stretch in the central region (Fig. 1D) . The groups SPR1/SP1L1/SP1L2 and SP1L3/ SP1L4 are each located in regions of segmental duplications (http://wolfe.gen.tcd.ie/athal/dup).
Overexpression of SP1Ls rescues the spr1 phenotype
In order to test whether SP1Ls have the same biochemical functions, each SP1L protein was overexpressed by the cauliflower mosaic virus (CaMV) 35S promoter in the spr1-3 mutant background. Although a low level of non-spliced transcripts was detected in spr1-3, its completely recessive traits indistinguishable from other null spr1 alleles indicate that spr1-3 lacks functional SPR1 protein (Furutani et al. 2000 ). For each SP1L gene, 5-32 independent transgenic lines were generated and their phenotypes analyzed by growing them on vertically oriented agar plates. As shown in Fig. 2 , all five SP1Ls can rescue the root slanting phenotype of spr1-3. Microscopic observation revealed that the helical growth of root epidermal cell files was also rescued. These results indicate that SPR1 and SP1Ls share common biochemical functions that are required to maintain straight cell expansion. The inability of endogenous SP1Ls to compensate for the loss of SPR1 is therefore attributable to either different tissuespecific expression patterns or a relatively low abundance of SP1L proteins.
SPR1 and SP1Ls are expressed in partly overlapping tissues
The expression of SPR1 and SP1L genes in various plant organs was analyzed by semi-quantitative reverse transcription-PCR (RT-PCR). The number of PCR cycles was set to either 20 or 30, depending on the expression level of each gene. No amplification was observed for SP1L1 in any organ tested. The results shown in Fig. 3 indicate that SPR1 and SP1L genes have expression patterns that partially overlap with each other. SPR1 was expressed at almost equal levels in all organs tested, as reported ). SP1L2 and SP1L4 are also expressed in all organs, but their amplification products were detected only after 30 PCR cycles. In the case of SP1L2, a longer exposure to X-ray film was required to detect the PCR products. SP1L3 was expressed preferentially in above-ground organs, but a significant amount of transcript was also present in roots. The SP1L5 transcript was detected exclusively in stems and flowers. SP1L3 appeared to have the highest level of expression among the SP1L genes, though amplification effi- ciency may vary among the genes and hence the expression levels cannot be directly compared. Nevertheless, the number of EST entries deposited in the SALK Transcriptome Express database (http://signal.salk.edu/cgi-bin/atta) also indicates that SPR1 and SP1L3 are the predominantly expressed members of the SPR1 gene family (55 and 40 ESTs for SPR1 and SP1L3, respectively compared with 0-4 ESTs for other SP1L genes).
To obtain detailed expression patterns of SP1L genes, we made promoter:β-glucuronidase (GUS):terminator constructs for SPR1 and SP1L genes. The promoter and terminator fragments used spanned the 2.0 kb upstream of ATG and 1.0 kb downstream of the stop codon, respectively (here 'promoter' refers to a region upstream of the first ATG, and hence contains the non-coding first exon and the first intron, except for SP1L5). In the case where neighboring genes lie within these distances, a truncated fragment was used to exclude their coding regions. The constructs were introduced into wild-type Arabidopsis, and 28-31 independent lines for each gene were stained for GUS activity. As shown in Fig. 4 and Supplementary Fig. 1 , SPR1, SP1L3 and SP1L4 showed strong staining in both seedlings and flowers. Notably, SPR1 and SP1L3 showed very similar expression patterns. Both genes are constitutively expressed in roots, with the strongest staining found at the root tip (Fig. 4G, J) . When grown under continuous illumination, cotyledons and leaves, but not hypocotyls, were stained for GUS activity (Fig. 4A and D) . In contrast, both genes were expressed in hypocotyls but not cotyledons of dark-grown seedlings ( Fig. 4M, P) . GUS staining of flowers was also similar between SPR1 and SP1L3 ( Supplementary Fig. 1 ). SP1L4 showed a similar GUS staining pattern to SPR1 and SP1L3 in terms of organ specificity and light dependence (Fig. 4E, Q) , but the staining was restricted to the stele of hypocotyls and roots (Fig. 4K, Q) . In cotyledons and leaves, SPR1 and SP1L3 are preferentially expressed in veins, while SP1L4 is expressed uniformly (Fig. 4E) .
We reported previously that SPR1 expression in darkgrown hypocotyls corresponds to the site of rapid cell elongation . Because SP1L3 and SP1L4 showed a similar light-dependent expression to SPR1, we performed time course analyses of SP1L3 and SP1L4 expression in darkgrown hypocotyls. The site of SP1L3 expression showed a similar spatio-temporal transition to that seen for SPR1, starting from the basal region of hypocotyls and moving acropetally to the apical end (Fig 4S, T) . SP1L4 expression showed a similar pattern (Fig. 4U) , though less pronounced.
GUS staining for SP1L1 was detected in pollen of mature flowers ( Supplementary Fig. 1 ) but not in any other organs. GUS staining for SP1L2 was detected in light-grown hypocotyls and flowers after prolonged incubation in the staining solution ( Fig. 4C and Supplementary Fig. 1 ), but not in roots and dark-grown seedlings (Fig. 4I, O) . GUS staining for SP1L5 was detected in old flowers and sporadically in mature flowers ( Supplementary Fig. 1 ), but not in seedlings and roots except in stipules of light-grown seedlings (Fig. 4F, L, R) .
In summary, SPR1 and SP1L3 are expressed at high levels in rapidly expanding cells such as those in the root elongation zone, cotyledons of light-grown seedlings and hypocotyls of dark-grown seedlings. SP1L4 is expressed with a similar organ specificity and light dependence to SPR1 and SP1L3, but at a relatively low level and with a different tissue specificity. SP1L2 and SP1L5 are expressed at low levels with different organ and tissue specificities. Though GUS staining for SP1L1 was detected in pollen, no endogenous transcript was detected.
Loss of multiple SPR1/SP1L genes leads to isotropic cell expansion
Observations that SP1L and SPR1 proteins probably share common biochemical functions and that SP1Ls and SPR1 are expressed in some of the same tissues prompted us to investigate the phenotype of loss-of-function sp1l mutants. We screened the Wisconsin T-DNA insertion pools (Basta population; ecotype Wassilewskija, WS), and obtained one insertion line for each of SP1L2, SP1L3 and SP1L4. These mutant alleles were designated sp1l2-1, sp1l3-1 and sp1l4-1. Separately, sequence-indexed T-DNA insertion lines in databases were searched and this identified one additional allele for each of SP1L2, SP1L3 and SP1L4, which were designated sp1l2-2 (SALK_122584), sp1l3-2 (SAIL_345C02) and sp1l4-2 (SALK_087610), respectively. The exact positions of T-DNAs were determined by sequencing the PCR products amplified from the T-DNA junction regions, and are shown schematically in Fig. 1B . No insertion mutants were obtained for SP1L1 and SP1L5 (see Materials and Methods).
Steady-state mRNA levels of SP1L genes in the sp1l mutants were analyzed by RT-PCR (Supplementary Fig. 2) . The results indicated that sp1l3-1, sp1l3-2 and sp1l4-1 are null alleles. sp1l4-2 contained wild-type levels of the SP1L4 tran- script. Semi-quantitative RT-PCR analysis indicated that sp1l2-1 and sp1l2-2 are not null alleles, but that the SP1L2 mRNA level was dramatically reduced, especially in sp1l2-1. In the subsequent phenotypic analyses, we used homozygous plants of sp1l2-1 (reduced transcripts but not null), sp13-1 (null) and sp1l4-1 (null). These alleles are all in the WS ecotype. All these mutants were indistinguishable from wild-type WS plants ( Supplementary Fig. 3-5) ; both light-grown and dark-grown seedlings showed straight epidermal cell files and no helical growth phenotype was observed.
Each sp1l mutant was then crossed with spr1-4 (a null mutant allele in ecotype WS) to make double homozygotes. All these double mutants showed an enhanced helical growth phenotype ( Supplementary Fig. 3-5 ). This phenotype was most severe in spr1-4 sp1l3-1 among the double mutant combinations (Fig. 5, 6, Supplementary Fig. 3-5) . Light-grown seedlings of this double mutant had shorter roots. Microscopic observation revealed that epidermal cell files were not only skewed but also deformed to produce spherical protrusions (Fig. 5I ). When these double mutants were crossed further to make spr1-4 sp1l2-1 sp1l3-1 sp1l4-1 quadruple homozygotes (subsequently referred to as 'quadruple mutants'), the defect in root cell expansion was exacerbated further (Fig. 5J) . In these plants, the filed arrangements of root epidermal cells mostly disappeared. Instead, the root surface was covered with radially swollen cells. Interestingly, these cells still bore apparently normal root hairs, indicating that their cell identity and tip growth were not affected. Roots of the double and quadruple mutants grew less slanted on vertically orientated agar plates than those of spr1-4 single mutants (compare Fig. 5C, D, E) . This is consistent with our hypothesis that the slanting root growth is driven by the friction between helically elongating epidermal cell files and the agar surface (Furutani et al. 2000) .
We have previously reported that the helical growth phenotype of spr1 hypocotyls is apparent in dark-grown seedlings but not in light-grown seedlings (Furutani et al. 2000) . This is probably because more SPR1 protein is required in these rapidly elongating cells . Observations that SP1L3 and SP1L4 are expressed in a similar spatio-temporal pattern to SPR1 in dark-grown seedlings prompted us to test whether the helical growth phenotype of the dark-grown spr1 hypocotyls is enhanced by the loss of other SP1Ls. As expected, double mutants of spr1-4 and either the sp1l2-1, sp1l3-1 or sp1l4-1 allele showed strong cell elongation defects especially in the upper part of hypocotyls (Fig. 6 , Supplementary Fig. 5 ). Again the spr1-4 sp1l3-1 double mutants showed the strongest phenotype among the double mutant combinations; their hypocotyl epidermis exhibited a decrease in anisotropic cell expansion especially in the apical region (Fig. 6D,  I ). The quadruple mutants showed even stronger defects; darkgrown seedlings were highly stunted and their hypocotyl epidermis exhibited very little anisotropic cell expansion along its entire length (Fig. 6E, J) . Together these results indicate that SPR1, SP1L2, SP1L3 and SP1L4 act redundantly to maintain anisotropic cell expansion in roots and dark-grown hypocotyls.
Twisting phenotype of stem and petiole
The spr1-4 sp1l3-1 double mutants showed a novel phenotype in the stem. When mutant stems were allowed to extend along bars, they frequently twined in the right-handed direction around the bars, reminiscent of tendrils of climbing plants (Fig. 7A) . When two stems extended in close proximity, they tended to intertwine to form a right-handed double helix (Fig.  7B) . A similar phenotype was also seen in the quadruple mutants (data not shown). Magnification of the stem surface revealed a right-handed helical orientation to the epidermal cell files (Fig. 7C) , which was not observed in either spr1-4 or sp1l3-1 single mutant or wild-type plants ( Fig. 7D ; data not shown). Petioles of spr1-4 sp1l3-1 double mutants also showed twisting growth in a right-handed helix (Fig. 7E) . This is likely to be an enhancement of the weak skewed growth seen in spr1-4 petioles (Fig. 7H) . In the quadruple mutant, the twisting growth phenotype was enhanced further; many petioles turned twice (Fig. 7F, arrows) . Cortical microtubule organization is impaired in the spr1 sp1l3 double mutant
We have previously reported that cortical MT arrays in the spr1 root epidermis were aligned obliquely relative to the normal transverse orientation. We hypothesized that this slightly abnormal orientation caused a right-handed helical elongation of the spr1 root epidermis (Furutani et al. 2000) . In the isotropically expanded cortical cells of etiolated spr1 hypocotyls, the orientation of cortical MT arrays was randomized (Furutani et al. 2000) . The strong cell expansion defects seen for the spr1-4 sp1l3-1 double mutants suggested that cortical MT arrays might be affected more severely in the double mutants than in spr1 single mutants. In order to visualize cortical MT arrays in the mutant background, we crossed the transgenic plants expressing GFP:α-tubulin fusion proteins in spr1-2 (ecotype Col) with sp1l3-1 (ecotype WS) (Ueda et al. 1999) . spr1-2 sp1l3-1 double mutants (inbred Col and WS) showed the same cell expansion defects as spr1-4 sp1l3-1 double mutants (WS background) (data not shown). Epidermal cells in upper hypocotyls of light-grown wild-type plants took an ellipsoidal shape (Fig. 8A) . While cortical MT arrays in these cells were oriented either transversely or obliquely relative to the organ's axis, their orientations were largely fixed in each cell (Fig. 8A) . In spr1-2 mutants, slightly deformed hypocotyl epidermal cells maintained well-organized cortical MT arrays (Fig. 8B) . In contrast, hypocotyl epidermal cells of spr1-2 sp1l3-1 double mutants expanded radially and had cortical MT arrays highly disorganized and oriented at random (Fig. 8C) . These results indicate that loss of SPR1 and SP1L3, two predominantly expressed members of the SPR1 family, leads to severe defects in cortical MT organization.
Discussion
Overexpression of each SP1L rescued the helical growth phenotype of spr1. This strongly suggests that SPR1 and SP1L proteins share common functions. Additionally, overexpression of SP1Ls did not result in a novel phenotype that might result if SP1Ls had different functions from that of SPR1. This was also the case when SP1Ls were overexpressed in wild-type plants (data not shown). Though SPR1 and SP1L sequences are divergent in the central polypeptide regions, we have previously provided data indicating that this region acts as a structural linker. Taken together, these results strongly suggest that the biochemical functions of SPR1 and SP1Ls are essentially the same. It should be noted, however, that SPR1 and SP1Ls may differ quantitatively in their activities. In order to measure quantitative differences accurately, it is necessary first to clarify the molecular functions of SPR1/SP1Ls using biochemical approaches.
In this study, we isolated mutants for three SP1L genes, SP1L2, SP1L3 and SP1L4. Fortunately, these genes were the ones that are expressed at relatively high levels. Nevertheless, each single mutant was indistinguishable from the wild-type plants. Most notably, the null mutant of SP1L3, which is expressed in a very similar pattern to SPR1, appeared normal even under conditions that accelerate cell elongation (e.g. darkgrown hypocotyls). Assuming that SPR1 and SP1L3 have the same molecular function, this indicates that the endogenous level of SPR1 protein is sufficient to compensate for the complete loss of SP1L3, whereas SP1L3 cannot rescue the loss of SPR1 unless it is overexpressed.
While sp1l3 single mutants exhibited no apparent phenotype, spr1 sp1l3 double mutants showed severe defects in rapidly elongating cells, such as those in the root elongation zone and dark-grown hypocotyls. In these organs, epidermal cell files were converted to a mass of deformed cells. Cell expansion defects were also apparent in slowly elongating cells such as those in light-grown hypocotyls. This indicates that the SPR1/SP1L function is indispensable regardless of cell elongation rates. In the deformed hypocotyl cells of spr1 sp1l3 double mutants, cortical MT arrays were oriented randomly. This is in contrast to spr1 single mutants where cortical MT arrays maintained a largely parallel arrangement similar to that in wild-type cells. Since SPR1 and SP1Ls share conserved N-and C-terminal regions that together recruit SPR1 to cortical MTs , it is most likely that not only SPR1 but also SP1Ls function primarily in cortical MTs to establish their proper organization. Accordingly, the helical growth phenotype of spr1 single mutants is probably caused by a compromised cortical MT organization due to the partial loss of SPR1/ SP1L proteins.
The organ axis of spr1 sp1l3 inflorescence stems followed the right-handed helical path, and the stem was entwined around a stick support or with another stem to form a righthanded helix. This twining phenotype is reminiscent of that seen in stalks, stems and tendrils of climbing plants, which generally shows a fixed handedness in a given species. Ubiquitous helical growth movement of plant organs, termed circumnutation, is believed to assist climbing plants to find and then grasp a support via a winding response (Darwin and Darwin 1880) . Inflorescences of wild-type Arabidopsis plants exhibit robust circumnutation, but the direction of the nutational movement is not fixed (Hatakeda et al. 2003 , Niinuma et al. 2005 . Possibly, dysfunction of cortical MTs in the spr1 sp1l3 double mutant conferred the right-handed bias to the otherwise non-directional nutational movement. The orientation of cortical MT arrays can be modulated by mutations in tubulins and several MT regulators (Hashimoto and Kato 2006) . During evolution, climbing plants might have adapted the MT-based directional information to assist with an effective twining response.
Materials and Methods
Plant materials and growth conditions spr1-3 (ecotype Col) and spr1-4 (ecotype Wassilewskija, WS) mutants have been described previously (Furutani et al. 2000 ). sp1l2-1, sp1l3-1 and sp1l4-1 mutants were screened from the Wisconsin T-DNA collection (basta population; ecotype Ws) (Weigel et al. 2000) . sp1l2-2 and sp1l4-2 mutants were SALK lines (122584 and 087610, ecotype Col) (Yamada et al. 2003) and the sp1l3-2 mutant was a SAIL line (345C02, ecotype Col) (Sessions et al. 2002) . Five ZIGIA FST lines were annotated for SP1L1, but we could not find transposon insertions in either of the lines obtained from the generator (Lange-Steiner et al. 2001) . Similarly, we could not detect a T-DNA insertion annotated for SP1L5 (SALK_023360) in the seeds obtained from the stock center.
Expression analysis
Total RNA was extracted from various parts of wild-type Arabidopsis plants (ecotype Col) with an RNAeasy plant minikit (QIAGEN, Valencia, CA, USA). First-strand cDNA was synthesized by Superscript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) with oligo(dT) primers, and used as a template for PCR with specific primers for SPR1 and SP1L genes. The primer sequences are listed in Supplementary Table 1 . PCR products were separated by electrophoresis and transferred to a Hybond N + membrane (GE Healthcare Bio-Science, Piscataway, NJ, USA). Amplification products were then detected by hybridization with gene-specific probes using an Alkphos Direct Labeling System (GE Healthcare Bio-Science).
GUS reporter constructs were prepared by ligating PCR-amplified promoter and terminator fragments to the ends of a GUS reporter gene. The sequences of the primers used to amplify promoter and terminator fragments are listed in Supplementary Table 2. In order to accomplish 'seamless' fusion, i.e. no linker sequences at either end of the GUS cassette, BtsI restriction sites were created at the ligating ends of promoters, terminators and GUS. BtsI cuts at a position far from its recognition sequence, therefore it can be used to create two-nucleotide cohesive ends of desired nucleotides. The reporter constructs were made on a pBIN19-derived binary vector and introduced into wildtype Arabidopsis plants (ecotype Col) by the floral dip method. GUS staining was performed as described previously ).
Overexpression of SPR1 and SP1Ls
Coding sequences for SPR1 and SP11Ls were amplified by PCR from either cDNA clones or first-strand cDNA pools. Because the SP1L1-coding sequence was not available, predicted protein-coding sequences were amplified from genomic DNA and connected by the overlap extension method (Barik 1993) . The sequence encoding a hemagglutinin tag was fused to the 3′ ends of SPR1/SP1L-coding regions, except for SP1L1. These DNA fragments were inserted between the CaMV 35S promoter and the nopaline synthase terminator in the pBI121 vector. These constructs were introduced into spr1-3 plants (ecotype Col) as described above. For each gene, 28-31 independent lines were established and stained for GUS activity. Lines harboring the same construct showed qualitatively similar staining patterns. Three to six single-insertion lines were selected for each SPR1/SP1L based on segregation patterns on antibiotic plates, and homozygous progeny were used for detailed expression analyses.
Microscopy
Microscopic observation of mutant and transgenic plants was performed with a SZX12 dissecting microscope (Olympus, Tokyo, Japan) and an Eclipse E1000 microscope (Nikon, Tokyo, Japan) equipped with a DP70 digital cameras (Olympus). The contrast of some pictures was enhanced with the PHOTOSHOP program (Adobe systems, San Jose, CA, USA). The GFP:α-tubulin fusion protein was visualized with a D-Eclipse C1 confocal microscope (Nikon).
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